virus evolutionary dynamics Lewis et al., 2016) . In addition, H3N2 variant (H3N2v) human cases were reported after close contact with pigs in agricultural fairs in the United States (Bowman et al., 2017) highlighting the potential risk of reemergence of IAV from swine into humans.
Since 2009, IAV surveillance studies in Brazil were mostly focused in commercial pig herds and H1N1pdm09 became more frequently detected in the field Schaefer et al., 2011) . Since then, IAV genetic diversity in pigs has increased via reassortment of H1N1pdm09 and human-origin H1N2 and H3N2 viruses, as shown in a study published by Nelson, Schaefer, Gava, Cantao, and Ciacci-Zanella (2015) which reports H1N2 and H3N2 viruses that have circulated undetected in swine for more than a decade in Brazil. Recently, a human infection with an H1N2 virus not previously found in humans but similar to H1N2 viruses that circulate in pigs in Brazil was reported in Castro city, Paraná State, suggesting a recent swine to human transmission from an H1N2 variant strain (Resende et al., 2017) . This case emphasizes even more the need for investigations on IAV animal-human interface.
Taken together, the post-pandemic scenario also led to a greater concern with other animal species, as backyard pigs, since the risk of those animals represent to swine industry and humans are not well understood. Thereby, there are IAV reports in backyard pig populations in North America, Europe, Africa and Asia (Couacy-Hymann et al., 2012; Monger et al., 2014; Osbjer et al., 2017; Weller, Cadmus, Ehrhart, Powers, & Pabilonia, 2013) . In Latin America, recent reports showed IAV seroprevalence and evidence of transmission from human into pigs (Bravo-Vasquez et al., 2017; Dibarbora et al., 2017; Gonzalez-Reiche et al., 2017; Tinoco et al., 2016) . Information regarding IAV seroprevalence (Almeida et al., 2017) and/or virus characterization from backyard pig population in Brazil is still scarce, and it is unknown which IAV subtypes circulate in these pig populations, as well the risk of inter-species transmission.
Our study aimed to estimate IAV seroprevalence in backyard pig populations using an indirect ELISA protocol based on a recombinant nucleoprotein (rNP) and assess factors associated with IAV seroprevalence in these populations. • The prevalence of influenza A virus in backyard pigs was 5.3% (3.84%-7.33%) in 2012 and 2.3% (1.34%-3.71%) in
| ME THODS

| Study area, target population and sampling design
2014.
• This study highlights the relevance of continued influenza A virus surveillance in backyard pig holdings in Southern Brazil.
F I G U R E 1 Location of 283 subsistence holdings (2012) of which 39 holdings were positive to anti-influenza A virus (anti-IAV) antibodies. Location of 196 subsistence holdings (2014) of which 13 holdings were IAV-positive. The black points indicate the positive holdings and white points the negative holdings was generated from the biannual surveillance for Classical Swine Fever (CSF) virus performed in RS in October of 2012 and March of 2014, by the Ministry of Agriculture, Livestock and Supply (Brasil, 2009) . A purposive sampling was performed in which holdings were selected according to predefined risk criteria for CSF, and animals were randomly selected within each holding. According to the total number of backyard pigs existing in each property, sera were collected from 1 up to 20 animals. Some risk criteria were as follows:
proximity to peri-urban areas or dumps (needy communities), holdings located within Indian reservations and also holdings that feed food waste to pigs. A questionnaire was applied to owners comprising questions about general characteristics of the backyard holdings such as age, sex, housing, pig management and local environmental characteristics.
| rNP-ELISA
The full-length NP coding sequence from the strain A/swine/ Brazil/12A/2010 (H1N1); GenBank accession number: KM507541 (Schaefer et al., 2011) was amplified using primers (forward: 
008/2015).
ELISA plates were coated with 200 ng per well of purified rNP.
Serum samples diluted (1:100) in 3% non-fat dry milk with added to an E. coli lysate to remove cross-reacting antibodies to E. coli-derived proteins (Rott et al., 2000) . After washing with PBS, anti-swine IgG peroxidase-conjugated antibody (1:5,000) (A5670; Sigma-Aldrich, Missouri, MO, USA) was used as secondary antibody. After washing, OPD substrate solution was added to the plate and the colour was allowed to develop.
The rNP-ELISA sensitivity (SE) and specificity (SP) parameters were determined using 92 influenza positive and 59 influenza negative sera previously tested by a commercial ELISA (AI Multi-Screen Ab test ® ; IDEXX, Westbrook, ME, USA).
Receiving Operating Characteristic curve (ROC curve) and Bayesian analysis (Joseph, Gyorkos, & Coupal, 1995) were performed to establish the cut-off values, and to estimate de SE and SP of the test, respectively.
| IAV screening and subtyping
All sera were tested by the standardized rNP-ELISA in order to detect antibodies to NP-IAV. The rNP-ELISA-positive samples were submitted to hemagglutination inhibition assay (HI) using three IAV strains isolated from field cases of influenza infection in pigs in Brazil, representing the IAV subtypes that circulate in pigs in the country: A/ swine/Brazil/31-11-1/2011 (H1N2) , A/swine/ Brazil/12A/2010 (H1N1) (Schaefer et al., 2011) and H3N2/2015 were here called H1N2, H1N1pdm09, and H3N2, respectively. The HI assay was conducted as previously described (Kitikoon, Gauger, & Vincent, 2014) .
| Statistical analysis
A multivariable model was selected to explore the association between the binary outcomes of rNP-ELISA of each animal with variables of the questionnaire using a mixed logistic regression. Holdings were used as random effect.
A crude prevalence ratio ( where σ 2 u is the holding level variance (holdings), and π 2 /3 is the residual variance.
Seroprevalence of IAV and its confidence intervals were accounted for the hierarchical structure of the data and determined by means of an estimate of the fixed effect of each year of the study. Box Tidwell test was used to verify the linearity of continuous
predictors added into the model. The mixed logistic model was constructed using PROC GLIMMIX from SAS 9.2.
| RE SULTS
| rNP-ELISA
The purity of rNP was confirmed (56 kDa) by SDS-PAGE and western blot (Figure 2) . The ROC curve analysis comparing the performance of rNP-ELISA with the commercial kit resulted in a cut-off of 0.542 derived from the maximum SE (84.8%) and SP (89.8%) values.
The marginal posterior densities for the diagnostic tests obtained with the Bayesian analysis were 84.7% (CI 95%: 76%-91%) for SE and 93.4% (CI 95%: 93%-98%) for the SP.
| Seroprevalence and associated factors
The frequency of IAV-positive herds and the estimated animal seroprevalence for each year accounting for the hierarchical structure of the data is shown in Table 1 . Regarding IAV subtypes analysed by HI assay, from 90 rNP-ELISA-positive sera observed in 2012, 78 were positive for H1N1pdm09, five for H1N2 and one for H3N2. Six sera were negative for the IAV strains in the HI assay. HI antibodies against both H1N1pdm09 and H3N2 were detected in one serum collected in 2012. In 2014, from 21 rNP-ELISA-positive sera, 14 were H1N1pdm09, one was H1N2, four were H3N2 and three sera were negative in the HI assay. Also, only one serum was positive for both H1N1pdm09 and H1N2. HI titres ranged from 40 to ≥640. Variables of the univariable model are described in Table 2 .
In all backyard holdings, there were domestic animals such as cattle, poultry, captive wild boars and hybrids of them with domestic pigs. Some characteristics of the holdings are shown in Table 2 .
In the final model (Table 3) , effects of the variables as "year," "sex," "number of suckling piglets" and "neighbours raising pigs" were statistically significant (p ≤ 0.05). The variable "age" remained to adjust the estimate of the variable "neighbours raising pigs," and to adjust for the time of exposure of the sampled animals. The ICC was 0.41, which means that 41% of the variation in the occurrence of anti-IAV antibodies was not explained by the fixed effects (independent variables); therefore, it was due to unknown factors at holding level (random effects). with HA and NA genes acquired from a human seasonal influenza virus in the late 1990s . In contrast, IAV seroprevalence in commercial herds in Brazil can vary among different production systems, from 26% in farrow-to-finish farms (Dias et al., 2015) to 78% in growing-finisher farms .
| D ISCUSS I ON
With this overview, concurrent IAV surveillance in other swine populations, such as backyard pigs, is relevant due to the implications on market as well as public health. Here, our study demon- showed 24% of seropositive pigs in holdings with intensive production system (Almeida et al., 2017) . Similarly, a seroprevalence of 1%
was found in backyard pig samples collected in post-pandemic period in Peru (Tinoco et al., 2016) . The fact that the backyard pig population is usually composed by few animals of different ages that are housed in low density could partially explain the lower prevalence of anti-IAV antibodies observed here. Other important factor that has a substantial impact in the evolution and spatial dissemination of IAV is pig transportation/movement between holdings (Nelson et al., 2011) . However, it is unknown if the backyard holdings studied here moved pigs between holdings or other regions that may be related to the low seropositivity of swine-derived IAV strains in these backyard pig populations. In addition, these holdings did not commercialize animals and the derived pig products were intended for own consumption. Interestingly, the majority of the seropositive animals were for H1N1pdm09, which could be related to low biosecurity levels and close contact with humans. Differently from commercial (Resende et al., 2017) .
The main objective of the multivariable analysis was to construct a model that aims at the most coherent explanation within a scientific context (Hosmer, Lemeshow, & Sturdivant, 2013) . Factors such as "year," "sex," "number of suckling pigs" and "neighbours raising Although the chance of infection by IAV is equal for both sexes, our results showed that females had 2.37 times the prevalence of IAV than males (boars), which can be a consequence of a closer contact of sows with susceptible piglets. The maintenance of IAV in the studied population can be explained by the continuous introduction of susceptible pigs (White, Torremorell, & Craft, 2017) . Since backyard pigs do not have a defined weaning phase like pigs raised in the intensive production system, they are raised freely to maintain a closer and longer contact with sows and pigs from all ages, which corroborates with the significant seroprevalence found in females and the significant presence of the variable "number of suckling pigs" in the final model.
The variable "neighbours raising pigs" had the greatest effect on IAV seroprevalence which was attributed to a possible interaction of backyard pigs with infected animals in the neighbourhood, due to the lack of a physical barriers (e.g. wire fence) and low biosecurity between the properties. However, no information was available about the holdings in the neighbourhood regarding the holding biosecurity levels, type of housing, existence of other environmental factors that could facilitate aerosol transmission and if whether pigs were commercialized or not.
In summary, our results evidenced low IAV seroprevalences, mostly H1N1pdm09, in backyard pig populations in Southern Brazil during 2012 and 2014. IAV seroprevalence of the studied backyard populations was associated with factors related to management and low biosecurity. Our findings emphasize the relevance of continued influenza surveillance in these populations, including future studies of IAVs genetic/antigenic characterization to estimate the risk they may represent to public health. 
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